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Abstract Circular dichroism spectra of two b-peptides,
i.e. peptides composed of b-amino acids, calculated
using ensembles of conﬁgurations obtained by molecular
dynamics simulation are presented. The calculations
were based on 200 ns simulations of a b-heptapeptide in
methanol at 298 K and 340 K and a 50 ns simulation of
a b-hexapeptide in methanol at 340 K. In the simula-
tions the peptides sampled both folded (helical) and
unfolded structures. Trajectory structures with common
backbone conformations were identiﬁed and grouped
into clusters. The CD spectra were calculated for indi-
vidual structures, based on peptide-group dipole tran-
sition moments obtained from semi-empirical molecular
orbital theory and using the so-called matrix method.
The single-structure spectra were then averaged over
entire trajectories and over clusters of structures. Al-
though certain features of the experimental CD spectra
of the b-peptides are reproduced by the trajectory-
average spectra, there exist clear diﬀerences between the
two sets of spectra in both wavelength and peak inten-
sities. The analysis of individual contributions to the
average spectra shows that, in general, the interpretation
of a CD signal in terms of a single structure is not
possible. Moreover, there is a large variation in the CD
spectra calculated for a set of individual structures that
belong to the same cluster, even when a structurally tight
clustering criterion is used. This indicates that the CD
spectra of these peptides are very sensitive to small local
structural diﬀerences.
Keywords Circular dichroism Æ Cluster analysis Æ
Computer simulation Æ Molecular dynamics Æ
Peptide folding
Introduction
b-Peptides, i.e. peptides composed of b-amino acids,
have recently been a subject of intense investigation
using both experimental (Borman 1997; Gademann et al.
1999a, 1999b, 2000; Gellman 1998; Hamuro et al. 1999;
Hintermann and Seebach 1997; Iverson 1997; Porter
et al. 2000a, 2000b; Seebach et al. 1998b; Werder et al.
1999) and theoretical (Applequist et al. 1998; Applequist
and Bode 2000; Bode and Applequist 1997; Chandr-
asekhar et al. 2001; Daura et al. 1997, 1998, 1999b, 2001;
Mo¨hle et al. 1999; Wu and Wang 1998, 1999) tech-
niques. Structural studies performed on a variety of
b-peptides have shown that, like peptides of a-amino
acids, b-peptides may adopt stable secondary structures
in solution (Abele et al. 1998; Appella et al. 1996, 1997,
1999; Chung et al. 1998; Gung et al. 1999; Krautha¨user
et al. 1997; Seebach et al. 1996a, 1996b, 1997, 1998a,
1998c, 1999). The b-heptapeptide and b-hexapeptide
shown in Fig. 1 were the ﬁrst cases reported of b-pep-
tides consisting of non-cyclic b-amino acids that fold
into a left-handed 314 helix (Seebach et al. 1996a) and
right-handed 12/10 helix (Rueping et al. 2002; Seebach
et al. 1997, 1998a), respectively. The structures of these
peptides in methanol solution were determined by NMR
spectroscopy and correlated with certain features of the
corresponding CD spectra (Seebach et al. 2000a). To
investigate the relation between the spectroscopic ob-
servables and the underlying ensemble of molecular
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conﬁgurations, various molecular dynamics (MD)
simulations of up to 200 ns length were performed for
the b-heptapeptide (Daura et al. 1997, 1998) and the
b-hexapeptide (Daura et al. 1999b) in methanol for
temperatures ranging from 298 K to 360 K. These sim-
ulations showed a thermodynamic equilibrium between
the folded conformation, i.e. a 314 helix for the heptamer
and a 12/10 helix for the hexamer, and a variety of un-
folded conformations, as a function of temperature. The
generated ensembles of conﬁgurations reproduce accu-
rately the data derived from NMR measurements,
namely interproton distances and J coupling constants.
It was also shown that NMR-derived data are less sen-
sitive to the underlying ensemble than commonly
thought; in fact, the same data are compatible with
various diﬀerent distributions of conﬁgurations (Burgi
et al. 2001; Daura et al. 1999a). Here, some of the pre-
viously generated trajectories (Daura et al. 1998, 1999b)
are used to compute CD spectra for the two peptides.
The CD spectrum corresponding to a particular
conﬁguration of a molecule can be calculated with
quantum mechanical methods. Small molecules can
either be treated at the semi-empirical level (e.g. CNDO/S)
(Del Bene and Jaﬀe 1968a, 1968b) or at the ab initio
level (e.g. CIS, conﬁguration interaction with single
excitations) (Foresman et al. 1992). More approximate
models are required for larger systems containing several
chromophore groups. A popular approach is the dipole
interaction model introduced by DeVoe and Applequist
(Applequist 1973; DeVoe 1964, 1965). For polypeptides,
proteins, and polynucleotides the perturbation theory of
Tinoco (Tinoco 1960, 1962; Woody and Tinoco 1967)
and the so-called matrix method of Bayley et al. (1969)
are chieﬂy used. These methods are of approximate
nature due to the independent chromophore assumption
involved in generating the excited-state wave functions.
Nevertheless, the experimental CD spectra of a small
number of proteins have been reproduced successfully
(Bode and Applequist 1998; Woody 1995, 1996). Most
calculations reported in the literature are based on single
structures, for example X-ray structures of proteins. In a
few cases, however, calculations have been performed
for structures from a simulation trajectory (Bringmann
et al. 2001; Fleischhauer et al. 1994). These studies have
shown that small structural changes in relative position
and orientation of the chromophores may have sizeable
eﬀects on the calculated CD spectrum, particularly in
the near-UV range of protein spectra. If the backbone is
very ﬂexible (as for peptides), a signiﬁcant variation may
also be observed for the far-UV CD.
The CD calculations presented here are based on
200 ns MD simulations of the b-heptapeptide H-b3-
HVal-b3-HAla-b3-HLeu-(S,S)-b3-HAla(aMe)-b3-HVal-
b3-HAla-b3-HLeu-OH (Fig. 1A) in methanol at 298 K
and 340 K, and a 50 ns simulation of the b-hexapep-
tide H-b2-HVal-b3-HAla-b2-HLeu-b3-HVal-b2-HAla-
b3-HLeu-OH (Fig. 1C) in methanol at 340 K. In the
simulations the peptides sampled both folded (helical)
and unfolded structures. A computer program was
used to identify trajectory structures with a common
backbone conformation and group them into clusters
of similar structure. The CD spectra were calculated
for individual structures, based on peptide-group di-
pole transition moments obtained from semi-empirical
molecular orbital theory and using the matrix method.
The single-structure spectra were then averaged over
entire trajectories and over clusters of structures. The
resulting curves are compared to experimental spectra.
Fig. 1 A Structural formula of
the b3-heptapeptide. B Model
structure derived from NMR
data for the b-heptapeptide in
methanol at 298 K (Seebach
et al. 1996a). C Structural
formula of the b2,b3-
hexapeptide. D Model structure
derived from NMR data for the
b-hexapeptide in methanol at
298 K (Seebach et al. 1998a).
E Model structure derived from
NMR data of the b-hexapeptide
in pyridine at 298 K (Seebach
et al. 1997)
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Our analysis focuses on the sensitivity of calculated
single-structure CD spectra to small geometrical dif-
ferences and of calculated average CD spectra to
variations in the underlying ensemble of conforma-
tions. There is no agreement between calculated and
experimental spectra for the b-heptapeptide and only
fair agreement for the b-hexapeptide. Several short-
comings of the theoretical model may account for the
diﬀerences between the calculated and observed spec-
tra; these are discussed in some detail.
Methods
Molecular dynamics simulation
The MD simulations were performed using the GROMOS96
package (Scott et al. 1999; van Gunsteren et al. 1996) and the
GROMOS96 43A1 force ﬁeld (van Gunsteren et al. 1996). The
dynamics of the two peptides in methanol were studied at 298 K
(b-heptapeptide, 200 ns) and 340 K (b-heptapeptide, 200 ns;
b-hexapeptide, 50 ns), at 1 atm pressure under periodic boundary
conditions. The temperature and pressure were maintained by
weak coupling to an external bath (Berendsen et al. 1984) with
relaxation times of 0.1 ps and 0.5 ps, respectively. To generate the
initial conﬁguration of one of the systems, a 314-helical structure
of the b-heptapeptide was placed in a periodic rectangular box
with 962 methanol molecules. For the other system, a fully ex-
tended conformation of the b-hexapeptide and 1435 methanol
molecules were placed in a periodic truncated-octahedron box.
The shortest distance between the peptide and the box wall was
initially 1.4 nm in both systems. The SHAKE algorithm
(Ryckaert et al. 1977) was used to constrain all bond lengths to
minimum-energy values. A twin-range cut-oﬀ of 0.8 nm/1.4 nm
was used for all non-bonded interactions. Further details on the
simulation setup for the two systems have been given elsewhere
(Daura et al. 1997, 1998, 1999b).
Cluster analysis
A conformational clustering analysis was performed on sets of
peptide structures taken at 10-ps intervals from the trajectories,
using the backbone atom-positional root-mean-square diﬀerence
(RMSD) as similarity criterion. For the b-heptapeptide the cluster
analysis was performed over four sets of data, corresponding to
the initial 10, 20, 50, and 200 ns of simulation. For the b-hexa-
peptide, only one set, covering the entire simulation (50 ns), was
used. Two diﬀerent groups of backbone atoms were considered
for the translational and rotational superposition of structures
and the calculation of RMSD values. In the ﬁrst case (N–Cb–Ca–
C), all but the ﬁrst and last residues of the peptide chains were
used. In the second case (O–C–N–H), all the peptide groups were
considered. The RMSD similarity cut-oﬀ or maximum cluster
radius used in the clustering analysis was 0.1 nm for the b-hep-
tapeptide and 0.08 nm for the b-hexapeptide. The value was
chosen proportional to the number of residues and approximately
equal to the maximum atom-positional RMSD between the var-
ious NMR model structures derived for each peptide. The clus-
tering algorithm has been described elsewhere (Daura et al.
1999c). Important features of this algorithm are that it favours
the most populated cluster and that it ensures a minimum atom-
positional RMSD between centres of clusters equal to the RMSD
similarity cut-oﬀ. It also results in many clusters having only one
member. In general, these single-member clusters are not isolated
in the RMSD space but lie at the border of other clusters. They
result from the hard constraint that no member of a cluster
may be further away from the central member than a speciﬁed
distance.
Calculation of CD spectra
Circular dichroism (Woody 1996) is the diﬀerence in absorption of
left and right circularly polarized light of given wavelength k, as
expressed by the extinction coeﬃcients:
De kð Þ ¼ eleft kð Þ  eright kð Þ ð1Þ
The rotational strength of an electronic transition 0 ﬁ a is re-
lated to the integrated intensity of a single band in the absorption
spectrum:
R0a /
Z
De kð Þ
k
dk ð2Þ
and is given as the product of the electric and magnetic dipole
transition moments:
R0a ¼ Im w0h 2lej jwai wah 2lmj jw0ið Þ ð3Þ
For real-valued wavefunctions this will be a real number, as the
electric dipole integral is real and the magnetic dipole integral is
purely imaginary. While the calculation of rotational strengths is in
principle straightforward, it appears impractical for all but the
smallest molecules, given that the treatment of excited states wa will
require high-level wavefunctions including electron correlation.
Even the use of semi-empirical treatments speciﬁcally designed for
the calculation of electronic spectra appears out of reach for mol-
ecules as large as proteins or for sizeable collections of diﬀerent
geometries of medium-sized molecules, as in this study.
The independent chromophore approximation (Woody 1996)
assumes non-overlapping charge distributions of all chromophores
in the molecule, and treats the interaction between them either by
perturbation theory (Tinoco 1962) or by exciton theory (Bayley
et al. 1969). The latter, known as the matrix method, is well
established for the calculation of CD spectra for protein structures.
This approach uses a basis set of polymer (molecule) wavefunctions
which are written as products of n monomer (chromophore)
wavefunctions. Only single excitations within a monomer i are re-
tained (0 ﬁ a), neglecting double and higher excitations as well as
charge-transfer excitations:
Uia ¼ /10/20 . . ./ia . . ./n0 ð4Þ
The excited state wavefunction is linear-combined from this
basis set, and the corresponding expansion coeﬃcients are deter-
mined in a variational sense from the eigenvalue problem
H^w ¼ Ew :
wk ¼
Xn
i¼1
Xmi
a¼1
Ck;iaUia ð5Þ
H^ ¼
Xn
i¼1
H^i þ
Xn
ij
V^ij ð6Þ
In matrix notation, the hamiltonian contains as diagonal matrix
elements the energies eia of all mi excitations in monomer i and as
oﬀ-diagonal matrix elements the Coulomb interactions Vi0a,j0b
between monomer transition charge densities:
Hkk ¼ wkh H^
 wki ¼
Xn
i¼1
Xmi
a¼1
C2k;ia /iah H^i
 /iai ð7Þ
Hkl ¼ wkh H^
 wli ¼
Xn
i¼1
Xmi
a¼1
Xn
j¼1
Xmj
b¼1
Ck;iaCl;jb /i0/iah V^ij
 /j0/jb ð8Þ
hia;ia  eia ¼ /iah H^i
 /iai ð9Þ
hia;jb  Vi0a;j0b ¼ /i0/iah V^ij
 /j0/jb ð10Þ
The matrix h with elements hia,jb is diagonalized, yielding the
expansion coeﬃcients Ck,ia as eigenvectors and the composite
excitation energies as eigenvalues. The rotational strengths are then
readily evaluated from Eq. (3) using the expansion coeﬃcients and
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the transition dipole moments /0h 2lej j/ai and /0h 2lmj j/ai of the
monomers. For approximate wavefunctions, the rotational
strength is origin-dependent in its original form (Eq. 3), but it may
be rewritten in the commonly used dipole velocity form which re-
moves this origin dependence (Woody 1996).
In practice, monomer excitation energies are parameters ob-
tained either from calculation or experiment and should account
for solvent eﬀects, while monomer transition charge densities are
represented as sets of monopoles, ﬁtted to densities obtained from
semi-empirical (Kurapkat et al. 1997; Woody and Sreerama 1999)
or ab initio (Besley and Hirst 1999; Hirst 1998b) calculations.
Finally, electric and magnetic transition dipole moments of the
monomers are typically obtained from calculation, but orientations
are sometimes taken from experiment (Woody and Sreerama 1999).
Once all these parameters are derived, the polymer calculation in-
volves no further quantum mechanical treatment; it is in fact lim-
ited to simple matrix algebra, rendering the calculation of CD
spectra a computationally trivial task even for very large systems.
In the present study, we use the dipole velocity form of the
rotational strength and a parameter set previously applied to CD
calculations for bovine pancreatic ribonuclease (Kurapkat et al.
1997). The parameter set has been obtained from CNDO/S
calculations on acetamide, augmented by experimental excitation
energies that are poorly reproduced at the semi-empirical level of
theory. Each of the amide fragments (peptide groups) of the hexa-
and heptapeptide is represented by the planar amide fragment of
acetamide, which is translated and rotated in a linear least-squares
sense so as to best match the positions of the C, O, and N atoms on
the peptide. The terminal amino and carboxylate groups are not
included in the calculation since their motional ﬂexibility will
diminish their inﬂuence on the overall CD spectrum. The aliphatic
side chains will not contribute to the CD signal either, which leaves
the main chain amide fragments as the only chromophores
explicitly treated in the calculation. For each of these monomers,
three excitations are considered: np* (from the oxygen lone pair,
220 nm), NV1, and NV2 (both pp*, 190 and 140 nm). All calcu-
lations have been performed using the program MATMAC (Fle-
ischhauer et al. 1991), which computes the molar ellipticity h, a
quantity proportional to D (Woody 1996), for each transition and
adds Gaussians to yield the ﬁnal spectrum in the range
150–250 nm. Further technical details of the calculations may be
found elsewhere (Kurapkat et al. 1997).
CD calculations have been performed for single structures
obtained from NMR models, energy minimization, or MD simu-
lation, clusters of structures obtained from MD simulation as
described above, or sets of structures covering particular segments
of the MD simulations. The experimental CD spectra were taken
from the group of Seebach (Gademann et al. 1999c; Seebach et al.
1996a, 1997).
Results
b3-Heptapeptide
The experimental CD spectra collected for the b-hepta-
peptide at three diﬀerent temperatures, 293, 298, and
333 K, the calculated CD spectrum for the 314-helical
NMR model structure, and the average CD spectra,
calculated over 50 ns and 200 ns time spans from the
molecular dynamics trajectories at 298 K and 340 K, are
shown in Fig. 2A. Clearly, the average calculated spec-
tra do not reproduce the experimental curves. It is
arguable whether the mismatch is indicating a shift to-
wards shorter wavelengths of the calculated spectrum
with respect to the experimental one or a signal inver-
sion. The intensity of the peaks is smaller in the calcu-
lated average spectra and diminishes, almost vanishes, as
a larger number of conformations enters the ensemble,
that is, as the temperature is increased from 298 K to
340 K. The calculated CD spectrum, on the other hand,
is similar whether averaged over 50 ns or 200 ns at any
of the two temperatures. The calculated spectrum of the
NMR model structure is very close to both calculated
Fig. 2 A Experimental and calculated CD spectra of the b-hepta-
peptide in methanol. Black solid: experimental CD spectrum at
298 K (Seebach et al. 1996a); black dashed and black dotted:
experimental CD spectra at 293 K and 333 K, respectively, from an
independent measurement (Gademann et al. 1999c); red: CD
spectrum calculated for the 314-helical NMR model structure (see
Fig. 1B); green solid: average CD spectrum from the ﬁrst 50 ns of
the MD simulation at 298 K; blue solid: average CD spectrum from
the entire 200 ns MD simulation at 298 K; green dashed: average
CD spectrum from the ﬁrst 50 ns of the MD simulation at 340 K;
blue dashed: average CD spectrum from the entire 200 ns MD
simulation at 340 K. B CD spectra of the 314-helical conformation
of the b-heptapeptide calculated from the MD simulation in
methanol at 340 K. Black: CD spectrum calculated for the NMR
model structure (see Fig. 1B); brown: average CD spectrum of
cluster number 1 (clustering based on the six O–C–N–H peptide
groups, 134 structures or cluster members) from the initial 10 ns
(1000 structures) of the MD simulation; blue: average CD spectrum
of cluster number 1 (clustering based on the six O–C–N–H peptide
groups, 983 members) from the initial 20 ns (2000 structures) of the
MD simulation; green solid: average CD spectrum of cluster
number 1 (clustering based on the six O–C–N–H peptide groups,
2084 members) from the initial 50 ns (5000 structures) of the MD
simulation; red solid: average CD spectrum of cluster number 1
(clustering based on the six O–C–N–H peptide groups, 5630
members) from the entire 200 ns (20,000 structures) MD simula-
tion; green dashed: average CD spectrum of cluster number 1
(clustering based on the N–Cb–Ca–C backbone atoms of residues 2
to 6, 2503 members) from the initial 50 ns of the MD simulation;
red dashed: average CD spectrum of cluster number 1 (clustering
based on the N–Cb–Ca–C backbone atoms of residues 2 to 6, 7175
members) from the entire 200 ns MD simulation. In all cases the
clustering has been performed using an atom-positional RMSD
similarity cut-oﬀ of 0.1 nm
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average spectra at 298 K. This is not surprising, since
the 314-helical conformation is representative for 95%
(200 ns) to 97% (ﬁrst 50 ns) of the ensemble at this
temperature. At 340 K, the population of the helix
ranges from 35% (200 ns) to 50% (ﬁrst 50 ns) and the
inclusion of new conformations results in both a shift of
the peaks and a reduction of the signal intensity. The
reduction of peak intensities at higher temperature is
also apparent in the experimental spectra, although to a
much smaller extent.
Figure 2B shows the dependence of the average cal-
culated CD spectrum for a particular cluster (confor-
mation) on the simulation time range over which the
average has been calculated and on the backbone atoms
used for the clustering. As expected, the average spec-
trum for cluster 1 (the most populated cluster, featuring
the 314 helix in all cases) is basically the same whether
the clustering has been performed on the ﬁrst 10, 20, 50,
or 200 ns of the simulation at 340 K. It is also relatively
insensitive to the selection of backbone atoms, N–Cb–
Ca–C or O–C–N–H, for the clustering of structures.
Similar observations have been made for other highly
populated clusters at any of the two temperatures (re-
sults not shown). A plausible explanation for this would
be that all the structures belonging to one cluster cor-
respond to the same conformation and share the same
basic CD spectrum. As a consequence, the average
spectrum would be largely independent of the number of
members of the cluster, which varies with simulation
length. This explanation is simple but inappropriate, as
Fig. 3 demonstrates that 2084 highly diﬀerent single-
structure CD spectra contribute to the average spectrum
shown in Fig. 2B (green solid line). Note that all 2084
structures correspond to the same global fold and still
give rise to very diﬀerent calculated spectra. This
surprising observation has been made for other highly
populated clusters as well (results not shown).
In order to reduce the structural diﬀerences within a
cluster even further, we have repeated the clustering
procedure for structures obtained from the ﬁrst 50 ns of
the simulation at 340 K, now using an RMSD similarity
cut-oﬀ of 0.03 nm for the O, C, N, and H atoms of the
six peptide groups. The new cluster 1 contains 34
members, with CD spectra shown in Fig. 4A and
backbone structures shown in Fig. 5A. The results point
to an extreme sensitivity of the CD-spectrum calcula-
tions to the exact relative positions and orientations of
the chromophores. Another example of this is given in
Figs. 4B and 5B, which show the spectrum and back-
bone structure of the NMR model before and after
energy minimization, respectively.
b2,b3-Hexapeptide
For this b-hexapeptide, two diﬀerent NMR model
structures were derived, based on data obtained for
methanol (Fig. 1D) and pyridine (Fig. 1E) as solvent.
Later, a molecular dynamics simulation study (Daura
et al. 1999b) suggested that the model shown in Fig. 1E
(12/10 helix) is also representative for the most popu-
lated conformation in methanol, while the model shown
in Fig. 1D satisﬁes NOE constraints of both a 12/10
Fig. 4A, B Calculated CD spectra of structurally very similar indi-
vidual structures of the b-heptapeptide. A Calculated CD spectra of
the 34 members of cluster number 1 (314 helix) from the ﬁrst 50 ns
of the simulation in methanol at 340 K (clustering based on the six
O–C–N–H peptide groups using an atom-positional RMSD
similarity cut-oﬀ of 0.03 nm). B Black: CD spectrum calculated
for the NMR model structure (see Fig. 1B); red: CD spectrum
calculated for the energy minimized NMR model structure (initial
structure in the simulation at 298 K)
Fig. 3 Calculated CD spectra for the 2084 member structures of
cluster number 1 (314 helix) from the ﬁrst 50 ns of the MD
simulation of the b-heptapeptide in methanol at 340 K. The
clustering is based on the six peptide groups (N, H, C, O atoms) of
the molecule, using an atom-positional RMSD similarity cut-oﬀ of
0.1 nm
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helix and a 314 helix. Indeed, both folds are observed in
the simulation.
The experimental CD spectrumof theb-hexapeptide at
298 K, the calculated CD spectra for the two model
structures shown in Figs. 1D and 1E, and the average CD
spectrum calculated over the 50 ns of the molecular
dynamics trajectory at 340 K are shown in Fig. 6A. Un-
like for the b-heptapeptide (see Fig. 2A), we observe a
satisfactory agreement with experiment for the calculated
position of the characteristic positive peak at around
200 nm. The calculated average CD spectrum for 340 K
(blue line) is again characterized by low-intensity peaks,
indicating sizeable contributions from non-12/10-helical
conformations at elevated temperature.
Of the two calculated CD spectra corresponding to
the NMR model structures of the peptide in methanol
and pyridine, the one for the pyridine model (green
line in Fig. 6A; see Fig. 1E) is clearly closer to the
experimental spectrum for the peptide in methanol. If
a single-structure CD spectrum was representative
for the experimental spectrum, this result would sup-
port the previous conclusion that the 12/10 helix might
be the most populated conformer in methanol and that
the model shown in Fig. 1D was an artifact of the NMR
structure calculation.
Figure 6B illustrates that the calculated CD spectrum
of the central member structure of a cluster is not nec-
essarily representative for the average spectrum of the
cluster, and that two distinct structures may have similar
spectra. For example, the central member structure of
cluster 4 (green solid line), which does not conform to
the 12/10-helical pattern, has a similar spectrum to that
of the model 12/10 helix shown in Fig. 1E (Fig. 6A,
green line). The observation that b-peptides with dif-
ferent folds may have very similar CD spectra has re-
cently also been made by Seebach et al. (2000b), using
NMR and CD spectroscopy, and Gla¨ttli et al. (2002),
using the computational methods described here. On the
other hand, the CD spectrum of the central member
structure of cluster 4 is very diﬀerent from the average
spectrum of the same cluster (Fig. 6B, green solid line
and green dashed line, respectively).
The variance in the calculated spectra for the member
structures of a cluster is also remarkable in the case of
the b-hexapeptide. The distribution of the CD spectra
for cluster 1 (12/10 helix) is very similar (data not
shown) to the one for the heptapeptide shown in Fig. 3.
Averaging over the distribution results in the CD spec-
trum shown in Fig. 6B (red dashed line). Nevertheless,
while the CD spectrum for a single structure within a
cluster appears to be rather unpredictable (i.e. very
sensitive to the exact coordinates), the average spectrum
of a cluster seems to be characteristic for the confor-
mation. Thus, the average spectrum corresponding to
the 314 helix has the same features whether calculated for
the b-hexapeptide (Fig. 6B, blue dashed line) or the b-
heptapeptide (Fig. 2A).
The inﬂuence of the ﬁtting procedure
on the calculated spectrum
For the calculation of CD spectra we use the indepen-
dent chromophore approximation with theoretical
data obtained for idealized geometries of peptide-bond
units. This procedure requires the superposition of the
idealized (planar) peptide-bond units onto the chromo-
phore groups of the molecule. In particular, the MAT-
MAC program performs a least-squares translational
and rotational ﬁt of the C, O, and N atoms of the
parametrized amide fragment onto the corresponding
atoms in the peptide.
However, the assumption of amide planarity intro-
duces some arbitrariness into the ﬁtting procedure. In
practice, deviations from planarity can be quite sub-
stantial, and the details of the ﬁtting procedure matter.
We have tested the implications for the calculated CD
spectra by comparing the results obtained with three
alternative ﬁtting procedures: (residue-number pointer
in parenthesis): (1) projection of O(i) (preserving the C–
O bond distance) onto the plane deﬁned by Ca(i), C(i),
and N(i+1), followed by the ﬁtting based on C(i), O(i),
and N(i+1) performed by MATMAC; (2) projection of
O(i) (preserving the C–O bond distance) onto the plane
deﬁned by C(i), N(i+1), and Cb(i+1), followed by the
ﬁtting based on C(i), O(i), and N(i+1) performed by
MATMAC; (3) ﬁtting of the idealized geometry of
acetamide onto the Ca(i), C(i), O(i), N(i+1), and
H(i+1) atoms of the peptide.
The single-structure and average spectra corre-
sponding to cluster 1 of the b-heptapeptide at 340 K
(same cluster as in Fig. 4A) have been calculated using
Fig. 5A, B Structures of the b-heptapeptide corresponding to the
CD spectra in Fig. 4. A Superposition of the 34 members of cluster
number 1 (314 helix) from the ﬁrst 50 ns of the simulation in
methanol at 340 K (clustering based on the six O–C–N–H peptide
groups using an atom-positional RMSD similarity cut-oﬀ of
0.03 nm); only the backbone atoms including the peptide groups
(chromophores) are shown. B Superposition of the NMR model
structure before and after steepest descent energy minimization
within the GROMOS96 43A1 force ﬁeld (van Gunsteren
et al. 1996)
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each of the four diﬀerent ﬁtting schemes. The results are
shown in Fig. 7A (average) and Figs. 7B–D (single
structure). Clearly, the spectra of some of the individual
structures vary with the ﬁtting procedure. Compared to
the diﬀerences between various structures within the
same cluster, however, these eﬀects appear rather small.
The averaged spectra (Fig. 7A) are thus rather insensi-
tive to the details of the ﬁtting procedure.
Discussion
CD spectra of two b-peptides at two temperatures have
been calculated based on molecular conﬁgurations ob-
tained from molecular dynamics simulation. The CD
spectra have been averaged over entire MD trajectories
and over sets of similar structures (clusters in atom-
positional RMSD space) for comparison to experimen-
tally measured spectra. The trajectory-average spectrum
for the b-hexapeptide at 340 K shows the characteristic
positive peak at around 200 nm. In contrast, the tra-
jectory-average spectra for the b-heptapeptide at 298 K
and 340 K do not reproduce any of the features of the
experimental spectra. In both cases, peak intensities are
low compared to experimental values.
Surprisingly, the calculated single-structure CD
spectra are extremely sensitive to small structural varia-
tions. Even the details of the geometric ﬁtting procedure
applied to superimpose the parametrized acetamide
model with the peptide bonds have a notable eﬀect on
the spectrum. Consequently, the calculated CD spec-
trum of the central member structure of a cluster is not
necessarily representative for the average spectrum of
the cluster.
The unsatisfactory agreement between calculated and
experimental spectra for the b-heptapeptide warrants
some discussion of possible sources of error. The
method of calculation is clearly very approximate, and,
although successfully applied to protein crystal struc-
tures in the past, may fail in other cases. The principle
shortcomings include the following. First, transition
charge densities derived from semi-empirical CNDO/S
calculations may be inaccurate, especially if the corre-
sponding excitation energy is only poorly reproduced at
the same level of theory (Hirst 1998a). This particularly
applies to the np* transition (CNDO/S: k=340 nm;
experimentally: 220 nm). Second, the direction of the
transition dipole moment vector appears to have a large
inﬂuence on the resulting spectrum (Woody and
Sreerama 1999), and diﬀerences between CNDO/S (for
acetamide) and experiment (for N-acetylglycine) are
sizeable (Clark 1995; Kurapkat et al. 1997). Third, the
independent chromophore approximation does not al-
low for charge transfer between monomers, which may
be inappropriate especially for NV1 excitations of poly-
a-peptides (Goldmann et al. 2001). This problem should
be less signiﬁcant for b-peptides, which are character-
ized by a larger distance between chromophores.
Fourth, the monomer parameters were derived for
application to a-peptides in aqueous solution. A more
speciﬁc parametrization for b-peptides and methanol as
solvent is desirable. Fifth, the monomer parameters
were derived for planar peptide units. However, thermal
motion generates OCNH angles which deviate from
planarity. While the amount of distortion may be
exaggerated by the GROMOS force ﬁeld in some cases,
the uncertainty remains whether transition charge den-
sities and dipole moment orientations, in particular, are
transferable to non-planar peptide geometries. Note
that non-planar amides will give rise to an intrinsic CD
contribution reﬂecting their local chirality, while this
contribution vanishes for planar amide units with
orthogonal electric and magnetic transition dipole mo-
ment orientations (see Eq. 3). The question of parame-
ter transferability should be distinguished from the
Fig. 6A, B Experimental and calculated CD spectra of the b-hexa-
peptide in methanol. A Black: experimental CD spectrum at 298 K
(Seebach et al. 1998a); red: CD spectrum calculated for the model
structure derived from NMR data in methanol (see Fig. 1D); green:
CD spectrum calculated for the model structure derived from
NMR data in pyridine (see Fig. 1E); blue: average CD spectrum
from the entire 50 ns MD simulation at 340 K. B Black:
experimental CD spectrum at 298 K; red solid: CD spectrum
calculated for the central member structure of cluster number 1 (12/
10 helix, from time point=6.96 ns); red dashed: average CD
spectrum of cluster number 1 (633 members); green solid: CD
spectrum calculated for the central member structure of cluster
number 4 (low free energy unfolded, i.e. non-12/10-helical
structure, from time point=1.78 ns); green dashed: average CD
spectrum of cluster number 4 (181 members); blue solid: CD
spectrum calculated for the central member structure of cluster
number 14 (314 helix, from time point=25.01 ns); blue dashed:
average CD spectrum of cluster number 14 (56 members). The
clustering is based on the ﬁve peptide groups (N, H, C, O atoms) of
the molecule, using an atom-positional RMSD similarity cut-oﬀ of
0.08 nm
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additional problem related to the inﬂuence of the geo-
metric ﬁtting procedure on the computed CD spectra.
Finally, the MD trajectory may show an inaccurate
distribution of the various folded and unfolded struc-
tures. While we cannot completely rule out this possi-
bility, it seems unlikely that this is the major reason for
the observed discrepancies between experimental and
calculated CD spectra, as the NMR data (NOE inten-
sities and J coupling constants) are reasonably repro-
duced by the simulations (Daura et al. 1999a; Peter et al.
2001).
Some of these shortcomings of the theoretical model
have already been investigated in the literature: CD
calculations with model parameters derived from ab
initio wavefunctions at the MRCI (Multi-Reference
Conﬁguration Interaction) (Hirst 1998b) and CASSCF
(Complete Active Space Self-Consistent Field) (Besley
and Hirst 1999) levels of theory have been found to be
more reliable for proteins. Woody and Sreerama (1999)
have shown that experimental CD spectra are repro-
duced more accurately if the semi-empirical monomer
model incorporates the experimental transition dipole
orientation as well as reﬁned monopole positions.
Goldmann and collaborators (2001) have recently
demonstrated improved accuracy in calculating the NV1
transition of polyalanine when using a method based on
time-dependent Hartree–Fock theory which goes be-
yond the independent chromophore model.
The issues discussed above certainly warrant further
investigation and provide several possibilities for
improvement of the theoretical model. However, in this
study we decided to use an established approximate
procedure, since our major focus was to analyse the
sensitivity of circular dichroism to molecular structure
and to investigate the impact of thermal motion. Even
though the semi-empirical CD model may not be accu-
rate enough for quantitative predictions, we still feel that
it has served the purpose of our investigation.
The results presented here suggest that CD spectra
can be very sensitive to small structural variations. This
implies that the spectrum of a ﬂexible molecule can
only be interpreted in terms of an average over con-
formations. Thus, the assignment of a particular con-
former to a given spectrum may not generally be
possible. This conclusion is not entirely unexpected: a
particular conformer may be scarcely populated but
have strongly coupled or so-called inherently chiral
chromophores, causing a big Cotton eﬀect and thus a
large contribution to the CD spectrum. At the same
time, this conformer may not be detectable by other
experimental methods, especially by those covering
longer time scales like NMR spectroscopy, and it may
not be of any importance for the properties of the
Fig. 7A–D Calculated CD spectra corresponding to cluster 1 (314
helix) of the b-heptapeptide from the ﬁrst 50 ns of MD simulation
in methanol at 340 K. Clustering based on the six peptide groups
(N, H, C, O atoms) of the molecule, using an atom-positional
RMSD similarity cut-oﬀ of 0.03 nm. A Average spectra using
diﬀerent strategies to ﬁt the parametrized chromophore onto the
peptide groups (residue-number pointer in parentheses). Black:
ﬁtting based on C(i), O(i), and N(i+1) (default in MATMAC); red:
projection of O(i) onto the plane deﬁned by Ca(i), C(i), and
N(i+1), followed by the ﬁtting based on C(i), O(i), and N(i+1)
performed by MATMAC; green: projection of O(i) onto the plane
deﬁned by C(i), N(i+1), and Cb(i+1), followed by the ﬁtting based
on C(i), O(i), and N(i+1) performed by MATMAC; blue: ﬁtting
based on Ca(i), C(i), O(i), N(i+1), and H(i+1). B Single-structure
spectra of the 34 member structures of cluster 1 giving rise to the
red-line average in A. C Single-structure spectra of the 34 member
structures of cluster 1 giving rise to the green-line average in A.
D Single-structure spectra of the 34 member structures of cluster 1
giving rise to the blue-line average in A
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corresponding compound (see the books by Berova
et al. 2000 on CD spectroscopy, and Eliel and Wilen
1994 on stereochemistry).
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